We obtained nine bacterial isolates from root or collar nodules of the non-stem-nodulated Aeschynomene species A. elaphroxylon, A. uniflora, or A. schimperi and 69 root or stem nodule isolates from the stem-nodulated Aeschynomene species A. afraspera, A. ciliata, A. indica, A. nilotica, A. sensitiva, and A. tambacoundensis from various places in Senegal. These isolates, together with 45 previous isolates from various Aeschynomene species, were studied for host-specific nodulation within the genus Aeschynomene, also revisiting cross-inoculation groups described previously by D. Alazard (Appl. Environ. Microbiol. 50:732-734, 1985). The whole collection of Aeschynomene nodule isolates was screened for synthesis of photosynthetic pigments by spectrometry, highpressure liquid chromatography, and thin-layer chromatography analyses. The presence of puf genes in photosynthetic Aeschynomene isolates was evidenced both by Southern hybridization with a Rhodobacter capsulatus photosynthetic gene probe and by DNA amplification with primers defined from photosynthetic genes. In addition, amplified 16S ribosomal DNA restriction analysis was performed on 45 Aeschynomene isolates, including strain BTAi1, and 19 reference strains from Bradyrhizobium japonicum, Bradyrhizobium elkanii, and other Bradyrhizobium sp. strains of uncertain taxonomic positions. The 16S rRNA gene sequence of the photosynthetic strain ORS278 (LMG 12187) was determined and compared to sequences from databases. Our main conclusion is that photosynthetic Aeschynomene nodule isolates share the ability to nodulate particular stem-nodulated species and form a separate subbranch on the Bradyrhizobium rRNA lineage, distinct from B. japonicum and B. elkanii.
Rhizobia symbiotically interact with leguminous plants to form nitrogen-fixing nodules most often exclusively occurring on the roots. A few legumes, however, including several Aeschynomene species, form nodules also on stem-located sites. The genus Aeschynomene includes 22 stem-nodulated species that readily nodulate all along the stem and many other species, considered non-stem nodulated, since their nodulation is restricted to the lower (collar) and submerged part of the stem (6) . A number of stem isolates of Aeschynomene spp. are of special interest because of their unusual ability to produce photosynthetic pigments, including both bacteriochlorophyll a (Bchl a) and carotenoids (15, 16, 34, 46) . The well-studied strain BTAi1, isolated from stem nodules of Aeschynomene indica, was the first bacteriochlorophyll-synthesizing rhizobial strain described (14, 15, 17) . When grown aerobically and heterotrophically under a light-dark cycle, strain BTAi1 synthesizes photosynthetic pigments and forms photosynthetic reaction centers like those of the purple nonsulfur photosynthetic bacteria (17, 42) . Light-induced CO 2 and light-decreased O 2 uptakes gave evidence of the photosynthetic activity of this strain (17, 26, 27) . Because of its functional photosynthetic apparatus, strain BTAi1 can be considered photosynthetic, and by extension, so can all the rhizobia producing photosynthetic pigments.
Rhizobia are taxonomically very diverse. By polyphasic taxonomy, 20 species have been identified and assigned to six genera, Rhizobium, Sinorhizobium, Mesorhizobium, Bradyrhizobium and Azorhizobium (for a review, see reference 58), and Allorhizobium (10) . The unusual presence of a photosynthetic system in strain BTAi1 led to the tentative name "Photorhizobium thompsonum" (16) or "Photorhizobium thompsonianum" (15) for this strain. However, 16S rRNA gene sequence analysis showed that strain BTAi1 was very closely related to both Bradyrhizobium japonicum and Rhodopseudomonas palustris, suggesting that BTAi1 could be appropriately named Bradyrhizobium sp. (A. indica) (59) . This was later confirmed by additional 16S rRNA gene sequencing of other photosynthetic rhizobia (47, 55) and by fatty acid analysis (47) . Additional data came from numerical taxonomy (150 phenotypic characteristics) indicating that the photosynthetic rhizobia constitute a unique phenon that could be considered distinct from Bradyrhizobium (33) . The precise taxonomic status of Aeschynomene photosynthetic rhizobia thus remained unclear. Each rhizobium can nodulate only a limited number of legumes, referred to as its host range. Depending on the extent of their host range, rhizobia can be considered specific or nonspecific. Aeschynomene symbionts comprise both nonspecific rhizobia of the cowpea group and rhizobia specific to the stem-nodulated species (1) . No correlation between symbiotic properties and photosynthetic pigment synthesis could be established (48) .
Since the different reports on Aeschynomene bradyrhizobia generally studied different rhizobium collections and focused on either nodulation (1), phylogeny (55) , or photosynthesis (48) , the data appeared fragmentary and did not allow a com-prehensive view of the diversity and evolution of Bradyrhizobium isolates from Aeschynomene species. Our objective was thus to examine possible links among the presence of photosynthetic pigments, nodulation capacity, and 16S rRNA genebased phylogeny among bradyrhizobia from Aeschynomene species. These three topics were studied with a large collection of isolates. We first enlarged our collection of 45 Aeschynomene strains (1-3a) with 78 new bacterial isolates from nodules of diverse native stem-and non-stem-nodulated Aeschynomene species from different places in Senegal. We screened the isolates for photosynthetic pigment production (Bchl a and carotenoids), for DNA hybridization with a Rhodobacter capsulatus photosynthetic gene probe, and for DNA amplification with photosynthetic gene primers. We characterized their host range among Aeschynomene species and performed amplified 16S ribosomal DNA (rDNA) restriction analysis (ARDRA) including B. japonicum, Bradyrhizobium elkanii, and other Bradyrhizobium reference strains (1-3, 13, 37) . We also determined the 16S rRNA gene sequence of a photosynthetic strain and compared it to sequences of reference strains, including strain BTAi1.
MATERIALS AND METHODS
Bacterial strains and culture growth conditions. The strains used are listed in Tables 1 and 2 . By use of the isolation procedure described by Alazard (1), 78 new isolates from Aeschynomene species were obtained from naturally occurring root or stem nodules collected in different regions of Senegal. Yeast extractmannitol medium (54) was the routine medium used for isolation, purification, and maintenance of the rhizobia. Strains were grown at 30°C for 4 to 7 days under aerobic conditions. Type or representative strains of B. japonicum, B. elkanii, and the various clusters of Bradyrhizobium described by Moreira et al. (37) and by Dupuy et al. (13) were included in this study (Table 1) .
Nodulation tests. Seeds and plants of Aeschynomene species were prepared for root nodulation trials according to previously described procedures (1). Plants were grown under continuous light (20 W/m 2 ) at 28°C. Four to six plants were tested for each strain. Plants were observed for nodule formation over 6 to 8 weeks, and effectiveness was estimated from visual observation of plant vigor and foliage color.
Photosynthetic pigment determination. Cultures were grown at 30°C for 7 days under aerobic conditions on a 15-h-9-h light-dark cycle. Bchl was extracted under dim light with cold acetone-methanol (7:2 [vol/vol]) at 4°C for 30 min (35) . The supernatant was analyzed with a Beckman DU40 spectrophotometer. Absorption spectra were generated by scanning over a wavelength range from 350 to 800 nm. Carotenoids were further purified and analyzed by high-pressure liquid chromatography (HPLC) or thin-layer chromatography (TLC) as previously described (35) .
Southern hybridization. Genomic DNA was extracted as previously described (36) . Total DNA was digested by EcoRI, PstI, or HindIII as specified by the manufacturer (Boehringer Mannheim or Pharmacia). Restricted DNA was run in a 0.8% agarose gel and transferred to a nylon membrane under alkaline conditions by the Southern blot standard procedure (43) . Hybridization was carried out with the digoxigenin labeling and detection kit from Boehringer Mannheim. The probe was labeled by randomly primed incorporation of digoxigenin-linked dUTP, (DIG-dUTP) and hybridization was performed overnight at 37°C in 5ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate) containing 50% (vol/vol) deionized formamide, 2% (wt/vol) blocking reagent in maleic acid buffer (100 mM maleic acid, 150 mM NaCl, pH 7.5), 0.1% (wt/vol) N-lauroylsarcosine (Sarkosyl), and 0.02% (wt/vol) sodium dodecyl sulfate. After stringency washes, hybrids were revealed by a chemiluminescence reaction, and detection was performed on X-ray film. The hybridization probe was a 3.3-kb EcoRIHindIII fragment (pufBALMX) from the plasmid pUC13::pufBALMX (5, 8) provided by A. Lilburn (University of British Columbia, Vancouver, Canada). This fragment is part of the 46-kb region of the R. capsulatus chromosome which encodes the photosynthetic apparatus.
PCR amplification of puf genes. Part of the pufLM genes was amplified from genomic DNA with the nondegenerated primers pufL278f (5Ј-CACCCATCTC GATTGGGTGTCG-3Ј) and pufM278r (5Ј-CTCCAGCTGCCCATGAAGATC G-3Ј), specifically defined from the pufLM sequence of Bradyrhizobium sp. strain ORS278 and amplifying a 926-bp fragment from the 3Ј end of pufL and the 5Ј end of pufM in the ORS278 sequence (20a) . Amplification reactions were performed in a 50-l final volume containing 0.1 g of DNA, each deoxyribonucleoside triphosphate at a concentration of 0.2 mM, 0.8 M (each) primer, 1.5 mM MgCl 2 , 1.25 U of Taq DNA polymerase (Gibco BRL), and the buffer supplied This study
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with the enzyme. The amplification conditions were 5 min at 94°C, 30 cycles consisting of 30 s at 94°C and 30 s at 60°C, and 1 min at 72°C. ARDRA. DNA was extracted according to the procedure of Pitcher et al. (41) with slight modifications. A loopful of cells was washed with 500 l of 150 mM NaCl-10 mM EDTA, pH 8.0. DNA was extracted by a procedure involving lysis with Sarkosyl-guanidinium thiocyanate (Sigma), phenol-isoamylic alcohol treatment, and isopropanol precipitation. DNA was further purified by treatment for 1 h at 37°C with RNase at a final concentration of 250 g/ml. Milli-Q water (Millipore) was used for all enzymatic reactions and amplification procedures. ARDRA was performed as described by Vaneechoutte et al. (49) . 16S rDNA was amplified with a forward primer (5Ј-AGAGTTTGATCATGGCTCAG-3Ј) and a reverse primer (5Ј-TACCTTGTTACGACTTCACCCCA-3Ј) supplied by Pharmacia. PCR was carried out in a 50-l reaction volume by mixing 250 ng of template DNA with the polymerase reaction buffer (10 mM Tris-HCl, 1.5 mM 
Analysis of the 16S rRNA genes. A few colonies of strain ORS278 (LMG 12187) were suspended in 50 l of water, and a small amount of sterile glass beads was added. The suspension was mixed for 1 min, boiled for 5 min, and again mixed for 1 min, and finally, the cell debris was spun down. Five microliters of the supernatant was used in a PCR to amplify the nearly complete 16S rRNA gene (positions 28 to 1521 of the Escherichia coli 16S rRNA gene). The PCR product was purified with a Prep-A-Gene kit (Bio-Rad Laboratories, Hercules, Calif.) and sequenced with primers to universally conserved fragments, a Taq dye-deoxy terminator cycle sequencing kit (Perkin-Elmer Corp., Foster City, Calif.), and an automatic DNA sequencer (model 377; Perkin-Elmer Corp.). The obtained sequence fragments were aligned, and a consensus sequence was constructed with the program AutoAssembler (Perkin-Elmer). For further phylogenetic analysis, the Genetics Computer Group (GCG) package (12) and the phylogeny inference (PHYLIP) package (18), available on the Belgian EMBnet Node of the Brussels Free University Computing Centre, were used. The new sequence was aligned, together with reference sequences obtained from the EMBL data library, with the program PILEUP of the GCG package. In total, a continuous stretch of 1,401 base positions (including gaps) was used for further analysis. Distances, modified according to the Kimura-2 model, were calculated by using the DNADIST program of the PHYLIP package, and the program NEIGHBOR of the same package was used to produce an unrooted phylogenetic tree. The stability of the groupings was verified by bootstrap analysis (500 replications) with the PHYLIP programs DNABOOT, DNADIST, NEIGH-BOR, and CONSENSE.
Nucleotide sequence accession number. The EMBL accession number for the 16S rRNA gene sequence of strain ORS278 (LMG 12187) is AJ133779. 1-3a) . Growth on yeast-mannitol agar produced small typical Bradyrhizobium-like colonies after incubation at 30°C for 5 to 7 days. Colonies formed by numerous isolates turned either light pink (LP), dark pink (DP), or orange (O; see below and  Table 2 ), especially after light exposure, suggesting photosynthetic pigments (15, 35 Bchl a synthesis is a specific characteristic of group III stem-nodulated Aeschynomene symbionts. To evaluate the extent of photosynthesis among Aeschynomene isolates and to determine whether there is a relationship between the photosynthetic nature of the microsymbiont and the host plant or the host plant cross-inoculation group, we screened our collection for Bchl a and carotenoid content by spectrometry, HPLC, and TLC analyses.
RESULTS

Isolation of rhizobia from
Absorption spectra from Aeschynomene isolates were obtained by using acetone-methanol extracts of bacterial cells. All strains originating from Aeschynomene species belonging to group III (A. tambacoundensis, A. indica, and A. sensitiva) produced an absorbance peak at 770 nm, characteristic of Bchl a, and peaks around 400 to 500 nm, corresponding to carotenoids. These peaks were absent in all strains originating from the group I plants. The content of isolates originating from group II plants appeared variable: 70% of the strains synthesized Bchl a and carotenoids. Three different absorption spectra, corresponding to three pigmentation groups, were obtained for Bchl-synthesizing strains. LP, DP, and O strains (Table 2 ) exhibited spectra A, B, and C, respectively (Fig. 1) . The determination of the carotenoid composition of several representative strains of each group by TLC and HPLC analysis confirmed our previous results (35) . R f (TLC) and retention time (HPLC) values determined for each pigment were found to be identical to those already found. Bchl a and carotenoid contents were also determined by spectrophotometry and HPLC analysis and were found to have values similar to those of our previous report (35) . LP strains produced only spirilloxanthin, whereas DP and O strains synthesized both spirilloxanthin and canthaxanthin, together with several other minor carotenoids. The difference in pigmentation between DP and O strains is due to the different ratios of canthaxanthin to spirilloxanthin in these strains. This ratio was found to be 88 to 93% for O strains and 70 to 77% for DP strains, thus confirming our previous observations (35) .
Up to now, Bchl a has been found in only photosynthetic organisms (20, 24, 39, 40, 45) . Consequently, Bchl-containing Aeschynomene strains will be referred to as photosynthetic strains in the following sections.
Among isolates originating from group II plants, the photosynthetic rhizobia are those nodulating A. indica and A. sensi-tiva, representatives of group III plants (with two exceptions being ORS323 and ORS333). A high correlation was thus found between the ability to synthesize Bchl a and the ability to nodulate A. indica and A. sensitiva, suggesting a relationship between the rhizobial photosynthetic nature and nodulation ability. It should also be noticed that the Bchl a-synthesizing strains from A. afraspera were more effective than the nonphotosynthetic strains.
Genetic evidence for the presence of bacterial photosynthetic genes in Aeschynomene stem-nodulating bradyrhizobia. The photosynthetic apparatus of purple nonsulfur bacteria (belonging to the alpha subclass of the Proteobacteria together with Bradyrhizobium) is mainly composed of pigment-protein complexes, namely, reaction center and light-harvesting complexes (see reference 50 for a review). To evaluate the occurrence of genes encoding photosynthetic proteins in Bchl-synthesizing rhizobia, we screened 16 selected Aeschynomene strains for the presence of DNA sequences hybridizing to probes consisting of the pufBALMX genes from R. capsulatus (5) . The pufBALMX genes have been shown to encode the ␣-and ␤-polypeptides of the light-harvesting complex B875 (genes pufBA), the reaction center polypeptides (genes pufLM), and an open reading frame (pufX) (4, 5, 60) . Genomic DNA from photosynthetic Aeschynomene strains ORS266, ORS277, ORS278, ORS294, ORS306, ORS322, ORS364, ORS371, and BTAi1 hybridized with the pufBALMX probe. Conversely, genomic DNA from nonphotosynthetic strains ORS301, ORS304, ORS305, ORS309, ORS347, ORS358, and ORS377 did not show any detectable hybridization with this probe (results not shown).
The presence of puf genes among Aeschynomene isolates was also evaluated by pufLM partial amplification with primers defined from the pufLM sequence of Bradyrhizobium sp. strain ORS278. All the photosynthetic strains studied (ORS266, ORS268, ORS277, ORS278, ORS282, ORS285, ORS287, ORS294, ORS296, ORS300, ORS306, ORS320, ORS322, ORS324, ORS330, ORS335, ORS344, ORS352, ORS353, ORS357, ORS362, ORS363, ORS364, ORS368, ORS371, and ORS380) gave a fragment of the expected 926-bp size, while the nonphotosynthetic strains studied (ORS292, ORS301, ORS302, ORS304, ORS305, ORS309, ORS336, ORS347, and ORS358) gave no amplification band.
ARDRA. Nearly full-length 16S rDNAs from 46 Aeschynomene nodule isolates (including BTAi1) and from 19 reference strains of B. japonicum, B. elkanii, and other Bradyrhizobium spp. previously characterized (13, 37) were amplified, yielding an expected single band of about 1,500 bp (data not shown). The amplified 16S rDNA of all strains was restricted with the enzymes HinfI, DdeI, MwoI, AluI, and HhaI. The combined restriction patterns were used to construct a dendrogram based on the UPGMA algorithm (Fig. 2) .
At or above a mean Dice similarity coefficient (S D ) value of Ϯ 88%, four main clusters were delineated. Except for ORS296 and ORS299, all photosynthetic Aeschynomene strains belong to the large cluster A. B. japonicum constituted cluster B together with two Aeschynomene strains, ORS301 (nonphotosynthetic) and ORS326 (photosynthetic status not determined); one strain isolated from Derris sp. (LMG 10029); and four strains from Faidherbia albida (ORS103, ORS110, ORS169, and ORS187). Cluster C contained B. elkanii, three nonphotosynthetic strains of Aeschynomene spp. (ORS309, ORS336, and ORS358), strain LMG 9520, and strains isolated from diverse other hosts including Enterolobium ellipticum (LMG 9980), Acacia mangium (LMG 9966), and F. albida (ORS121, ORS133, ORS162, ORS174, and ORS175). The strains ORS296 (photosynthetic) and ORS348 (photosynthetic status not determined) formed cluster D, and the photosynthetic strain ORS299 is the closest relative of this cluster. No evident relationship between the original host plant and the ARDRA clustering could be found.
16S rRNA gene sequence analysis. Strain ORS278 (LMG 12187) was chosen as a representative of the photosynthetic strains, and its 16S rRNA gene sequence was determined. It consisted of 1,441 nucleotides and was very similar to the sequence of the photosynthetic strains BTAi1 (11 differences) and USDA 4377 (5 differences). A phylogenetic tree was constructed to determine the position of this strain among other bradyrhizobia (Fig. 3) . Strain ORS278 (LMG 12187) formed a separate cluster together with Bradyrhizobium strains BTAi1 and USDA 4377 and Blastobacter denitrificans LMG 8443. This grouping was supported by a bootstrap value of 100% and was distinct from B. japonicum and B. elkanii.
DISCUSSION
Since the isolation of the strain BTAi1, which displays heterotrophic photosynthesis (15, 17, 28) , several bradyrhizobia from various Aeschynomene species have been reported to be photosynthetic, which is a rare property among rhizobia (for a (55) . Previously, nodulation investigations showed that a group of Aeschynomene bradyrhizobia specifically nodulated stem-nodulated species (1). However, no correlation among photosynthetic ability, phylogenetic position, and host specificity could be established, mainly because the different results were established with different bradyrhizobial collections. In this study, by characterizing a collection of isolates from the genus Aeschynomene, specifically by determining their Bchl content, nodulation abilities, and 16S rRNA gene-based phylogeny, we demonstrate that photosynthetic rhizobia are mainly monophyletic and share the ability to nodulate particular stem-nodulated Aeschynomene species.
To obtain more photosynthetic isolates, we extended the Senegalese collection of Aeschynomene rhizobia (1-3a) , mainly by isolating bacteria from naturally occurring stem nodules, since photosynthetic rhizobia are generally isolated from stemnodulated Aeschynomene spp. When grown under a light-dark cycle, nearly all the stem isolates examined (Table 2) were found to produce Bchl a, a photosynthetic pigment found in only photosynthetic organisms (20, 24, 39, 40, 45) , confirming previous reports suggesting that photosynthesis is widespread among stem-nodulating strains (34) . The photosynthetic nature of the Bchl-synthesizing bradyrhizobia was confirmed by both Southern hybridization and gene amplification studies. Indeed, the presence of DNA sequences homologous to reaction center and light-harvesting genes from R. capsulatus was detected in all Bchl-synthesizing strains examined, while the presence of pufLM genes in Bchl-synthesizing strains was evidenced by DNA amplification with pufLM primers designed from the pufLM sequence of Bradyrhizobium sp. strain ORS278 (20a) . Although the primers used were not designed from a conserved motif in the puf genes, they were found suitable to amplify a puf fragment from all the photosynthetic bradyrhizobia tested in this study. All Bchl-synthesizing strains produced the carotenoid spirilloxanthin, which is known to be bound to the light-harvesting protein-associated complex in purple nonsulfur bacteria and members of the family Chromatiaceae (9, (21) (22) (23) . A few of them also synthesized other carotenoids, including canthaxanthin (35) . The role of the carotenoid canthaxanthin in photosynthesis is unknown, but this pigment has great biotechnological value (38) .
Within the past 15 years, the taxonomy of the rhizobia has greatly changed with the discovery of several new species and genera (58) . Quite a number of diverse nodule isolates have been characterized and described in the literature as belonging to the large group of bradyrhizobia (13, 37, 52), but only a few studies brought sufficient taxonomic data for clear taxonomic conclusions and nomenclatural decisions (30) (31) (32) 56) . Several authors have reported the difficulties encountered in studying bradyrhizobia and contradictory results from phenotypic and genotypic studies (13, 33) . Here we add further taxonomic data on a collection of 123 isolates from Aeschynomene species, either stem nodulated or non-stem nodulated, together with 19 Bradyrhizobium reference strains, including B. japonicum (30) , B. elkanii (32) , and Bradyrhizobium sp. strains partially characterized in the literature (13, 37, 52) .
Alazard (3) showed that the free-living nitrogen-fixing Aeschynomene symbionts form a single phenon within the Bradyrhizobium genus. Moreover, two representative strains of this phenon, ORS310 and ORS322, were able to grow in the freeliving state at the expense of N 2 (2), like Azorhizobium caulinodans, which is highly specialized in the stem nodulation of Sesbania rostrata (6) . Our results demonstrate that these two free-living nitrogen-fixing Aeschynomene bradyrhizobia also synthesize Bchl a ( Table 2 ). These observations corroborate the work of Ladha and So (33) , who found that 52 photosynthetic Aeschynomene nodule isolates belonging to a separate phenon had the ability to grow and fix N 2 in the absence of combined nitrogen. Therefore, diazotrophy is probably a general property of photosynthetic isolates, both properties together probably conferring a great selective saprophytic advantage on these bacteria.
We observed a strong correlation between photosynthetic and nodulation abilities. Indeed, all the photosynthetic strains were isolated from stem-nodulated Aeschynomene species belonging to cross-inoculation groups II and III (1, 6) . Moreover, among isolates originating from stem-nodulated Aeschynomene spp. of group II, the photosynthetic strains corresponded to those which are also able to nodulate plants of group III (A. sensitiva and A. indica). In contrast to the photosynthetic strains, the nonphotosynthetic rhizobia isolated from plants of groups I and II were able to nodulate F. albida and thus belong to the cowpea group (data not shown). This study thus confirms the occurrence of nonspecific and specific bradyrhizobia among Aeschynomene symbionts with the photosynthetic strains being highly specific. In rhizobium-legume interactions, host specificity is mainly controlled by extracellular bacterial signal molecules, which are called Nod factors (see references 11 and 51 for reviews). All Bradyrhizobium Nod factors examined so far bear a substituted or a nonsubstituted methyl fucose group on their reducing ends (7, 18a, 44) . Specific Aeschynomene photosynthetic symbionts thus represent an interesting model to determine which structural features of Nod factors account for host specificity.
From our 16S rDNA-based phylogenetic analysis (Fig. 3) , it is apparent that the photosynthetic strains, represented by strains ORS278 (LMG 12187), BTAi1, and USDA 4377, form a separate cluster together with B. denitrificans, an unpigmented budding organism from lake water (25) . This small group is supported by a bootstrap value of 100%. In a separate analysis, in which a shorter stretch of approximately 1,000 positions was used (data not shown), we included the shorter sequences for the photosynthetic strains MKAa2 and IRBG 230 (55) in the analysis and found both strains belonging to the same small group. It is clear that this photosynthetic cluster, including B. denitrificans, is distinct from B. japonicum, B. elkanii, and other Bradyrhizobium sp. strains related to both these species. The photosynthetic cluster would seem about equally distant from B. japonicum, the photosynthetic species R. palustris, the nitrifying genus Nitrobacter, and the pathogenic genus Afipia and slightly more distant still from B. elkanii (Fig. 3) .
The ARDRA technique confirmed that all Aeschynomene isolates clustered on the Bradyrhizobium phylogenetic branch (Fig. 2) and showed that the majority of the photosynthetic strains formed a distinct sublineage (sublineage A), related to B. japonicum (sublineage B) at a correlation coefficient of 86%; both clusters are related to the B. elkanii cluster (sublineage C) at a correlation coefficient of 80%.
rRNA-based phylogenetic investigations have shown that the genus Bradyrhizobium is closely related to R. palustris, a photosynthetic bacterium able to grow photoautotrophically under anaerobic conditions (29, 57) . This would suggest that Bradyrhizobium may have evolved from photosynthetic freeliving bacteria by the acquisition of symbiotic functions. Most bradyrhizobia are root symbionts living in a soil-root environment where they are not exposed to significant levels of light. As a consequence of low selection pressure, photosynthetic function may have been lost during evolution from a free-living existence to a symbiotic one. In the particular case of stem nodule symbionts, however, the ancestral trait of photosynthesis may have been retained since remaining genetic information for heterotrophic photosynthesis could still be a selective advantage in both free-living and symbiotic states. The natural habitat of stem-nodulated legumes is restricted to tropical waterlogged or very humid, nitrogen-and carbon-deficient soils. In waterlogged soil or on the plant surface, bacterial photosynthesis may sustain better growth and survival of bacteria and give a competitive advantage for stem nodulation. In symbiosis, bacterial photosynthesis may allow more efficient interaction by reducing the need of the microsymbiont for carbon. Our simultaneous observation in the same Bradyrhizobium phylogenetic group of photosynthetic characteristics and specific nodulation abilities supports the hypothesis that a branch of ancestral photosynthetic bacteria has adapted to the particular stem-nodulated Aeschynomene environment through acquisition of specific symbiotic functions and conservation of photosynthetic characteristics. However this remains speculative and, alternatively, the possibility that symbiotic bradyrhizobia acquired photosynthetic genes by lateral transfer cannot be excluded. Phylogenetic studies of nodulation and photosynthetic genes may elucidate the origin of these genes. Further investigation is needed to evaluate the role of bacterial photosynthesis in the symbiotic interaction and to evaluate whether preservation of photosynthetic functions reflects an adaptation to the stem-nodulated Aeschynomene environment. grants. A.W. is indebted to the Fund for Scientific Research-Flanders (Belgium) for a position as a postdoctoral research fellow.
